Ventilator-induced diaphragmatic dysfunction (VIDD) refers to the diaphragm muscle weakness that occurs following prolonged controlled mechanical ventilation (MV). The presence of VIDD impedes recovery from respiratory failure. However, the pathophysiological mechanisms accounting for VIDD are still not fully understood. Here, we show in human subjects and a mouse model of VIDD that MV is associated with rapid remodeling of the sarcoplasmic reticulum (SR) Ca 2+ release channel/ryanodine receptor (RyR1) in the diaphragm. The RyR1 macromolecular complex was oxidized, S-nitrosylated, Ser-2844 phosphorylated, and depleted of the stabilizing subunit calstabin1, following MV. These posttranslational modifications of RyR1 were mediated by both oxidative stress mediated by MV and stimulation of adrenergic signaling resulting from the anesthesia. We demonstrate in the murine model that such abnormal resting SR Ca 2+ leak resulted in reduced contractile function and muscle fiber atrophy for longer duration of MV. Treatment with β-adrenergic antagonists or with S107, a small molecule drug that stabilizes the RyR1-calstabin1 interaction, prevented VIDD. Diaphragmatic dysfunction is common in MV patients and is a major cause of failure to wean patients from ventilator support. This study provides the first evidence to our knowledge of RyR1 alterations as a proximal mechanism underlying VIDD (i.e., loss of function, muscle atrophy) and identifies RyR1 as a potential target for therapeutic intervention.
Ventilator-induced diaphragmatic dysfunction (VIDD) refers to the diaphragm muscle weakness that occurs following prolonged controlled mechanical ventilation (MV). The presence of VIDD impedes recovery from respiratory failure. However, the pathophysiological mechanisms accounting for VIDD are still not fully understood. Here, we show in human subjects and a mouse model of VIDD that MV is associated with rapid remodeling of the sarcoplasmic reticulum (SR) Ca 2+ release channel/ryanodine receptor (RyR1) in the diaphragm. The RyR1 macromolecular complex was oxidized, S-nitrosylated, Ser-2844 phosphorylated, and depleted of the stabilizing subunit calstabin1, following MV. These posttranslational modifications of RyR1 were mediated by both oxidative stress mediated by MV and stimulation of adrenergic signaling resulting from the anesthesia. We demonstrate in the murine model that such abnormal resting SR Ca 2+ leak resulted in reduced contractile function and muscle fiber atrophy for longer duration of MV. Treatment with β-adrenergic antagonists or with S107, a small molecule drug that stabilizes the RyR1-calstabin1 interaction, prevented VIDD. Diaphragmatic dysfunction is common in MV patients and is a major cause of failure to wean patients from ventilator support. This study provides the first evidence to our knowledge of RyR1 alterations as a proximal mechanism underlying VIDD (i.e., loss of function, muscle atrophy) and identifies RyR1 as a potential target for therapeutic intervention.
excitation-contraction coupling | beta adrenergic signaling | calcium | VIDD | skeletal muscle T he need for respiratory support by controlled mechanical ventilation (MV) is one of the main reasons for admission to intensive care units (ICUs). Although it is life saving in the short term, human and animal studies have shown that MV results in a progressive reduction in diaphragmatic force-generating capacity, together with diaphragm muscle fiber injury and atrophy (1, 2) . These findings comprise a condition termed ventilator-induced diaphragmatic dysfunction (VIDD) (3), which is common in an ICU setting (4) , and can interfere with the ability to discontinue MV (5), with a major negative impact on patient outcomes and increased health care costs (6) . The precise pathways involved in MV-induced diaphragm weakness remain partially understood. Animal models suggest that oxidative stress plays a major role in VIDD (7, 8) and recent studies have identified mitochondria as an essential source of reactive oxygen species (ROS) implicated in VIDD (9, 10) . ROS production is linked to activation of proteolytic systems such as caspases and calpains (11) , which play significant roles in degrading cytoskeletal proteins in muscle (6, 12, 13) directly involved in the development of MVinduced diaphragm muscle fiber atrophy and injury (7, 14, 15) . Despite many of the processes implicated in VIDD having been associated with increased oxidative stress (16) , other mechanisms could also be involved. Indeed, in ICU, many situations including anesthetics, MV, sepsis, or pain may induce an overstimulation of the adrenergic response, leading to increased catecholamine synthesis (17, 18) . Albeit elevated levels of circulating endogenous catecholamines have been associated to a generalized myopathy process in animal models (19) , and higher mortality in ICUs (18) , whether catecholamine release during MV may impair diaphragm function is unknown. Similarly, the potential role of Ca 2+ homeostasis disruption in VIDD has never been addressed. We recently observed a reduction of diaphragmatic force production after only 6 h of MV in mice, in absence of atrophy or histological injury (20) . We hypothesized that such uncoupling between functional and histological parameters of VIDD could be explained by defects in Ca 2+ homeostasis and excitation-contraction coupling at an early stage of VIDD and, if so, might lend itself to early preventive intervention. Furthermore, because deregulated Ca 2+ homeostasis can lead to activation of caspases and calpains (16) , this impaired Ca 2+ signaling could also help to account for the subsequent development of diaphragm muscle atrophy and injury. In skeletal muscle, normal excitation-contraction coupling entails activation of voltage-sensing Ca 2+ channels in the transverse tubules that, in turn, activate the sarcoplasmic reticulum (SR) Ca
2+
Significance Ventilator-induced diaphragmatic dysfunction (VIDD) refers to the diaphragm muscle weakness that follows prolonged controlled mechanical ventilation, impeding recovery from respiratory failure. The mechanisms underlying VIDD are still not fully understood. Using human samples and murine models of VIDD, we identify here a pathophysiological pathway involving structural and functional impairment of the ryanodine receptor (RyR1), the main sarcoplasmic reticulum (SR) Ca 2+ release channel. We demonstrate that RyR1 defects, which contribute to diaphragm muscle weakness, induced by controlled mechanical ventilation are the result of oxidative stress associated to sympathetic nervous system activation. Thus, preventing RyR1-mediated SR Ca 2+ leak may provide a novel therapeutic approach in controlled mechanical ventilation.
release channel/ryanodine receptor (RyR1) (21) . RyR1-dependent Ca 2+ release triggers actin-myosin cross-bridge formation and, hence, muscle contraction (21) . RyR1 is a homotetrameric macromolecular protein complex that includes four RyR1 monomers (∼565 kDa each), kinases, a phosphatase (PP1), a phosphodiesterase (PDE4D3), and calmodulin (21), The RyR1 channel-stabilizing subunit calstabin1 (Cal1 or FK506 binding protein 12, FKBP12) is critical to the proper function of the channel (22) . Maladaptive cAMP-dependent protein kinase A (PKA)-mediated phosphorylation and redox-dependent modifications (cysteine-nitrosylation and oxidation) of RyR1 have been linked to a loss of the normal association between calstabin1 and the rest of the complex (23, 24) . This RyR1 remodeling, in turn, results in impaired Ca 2+ handling with abnormal Ca 2+ leak from the SR and associated contractile dysfunction in conditions as diverse as heart failure, chronic muscle fatigue, muscular dystrophy, and aging (25) (26) (27) (28) . In the present study, we postulated that early MV-induced oxidative stress and catecholamine release synergistically affect the diaphragm RyR1 complex and impair Ca 2+ homeostasis, thereby leading to SR Ca 2+ leak, reduced tetanic Ca
, and eventually leading to the development of VIDD.
Results
Increased RyR1 Open Probability in Diaphragm Fibers Correlates with VIDD. To evaluate the remodeling and functional abnormalities of RyR1 in the diaphragm of human patients subjected to MV, we obtained diaphragm biopsies from brain-dead organ donor patients who had undergone long-term MV (98 ± 65 h) immediately before organ harvest. We compared these specimens to diaphragm biopsies from short-term MV (2.3 ± 0.4 h) patients, obtained during thoracic surgery for removal of solitary lung nodules (see Table S1 for patients description). SR fractions were purified to analyze the biochemical properties of the RyR1 macromolecular complex ( Fig. 1 A and B) . RyR1 immunoprecipitation after long-term MV revealed a significant increase in RyR1 oxidation, S-nitrosylation, Ser-2844 phosphorylation, and calstabin1 dissociation. This biochemical remodeling of the RyR1 channels is known as the "biochemical signature" of "leaky" RyR1 channels (21) . It was associated with a significant increase in RyR1 open probability (P O ) compared with controls short-term MV measured in channels incorporated in planar lipid bilayers in conditions under which normal nonremodeled RyR1 channels are tightly closed (P O = ∼0) ( Fig. 1 C and D) . This elevated P O is consistent with increased SR Ca 2+ leak.
Defective RyR1 Function Is an Early Pathophysiological Event in VIDD.
One limitation of human samples is the potential influence of comorbidities and confounding factors associated with critical illness. Moreover, histological damage in human muscle fibers could account for both the reduction in diaphragmatic force production and RyR1 remodeling (2) . Therefore, to examine early events in the course of VIDD, we took advantage of a mouse model that exhibits a significant loss of diaphragmatic force-generating capacity after only 6 h of MV ( Fig. 2 A and B) . We evaluated RyR1 remodeling in the mechanically ventilated diaphragm before the onset of histological alterations associated with the later stages of VIDD (20) . MV-induced diaphragm muscle weakness in mice was associated with significant RyR1 remodeling consisting of RyR1 S-nitrosylation, oxidation, Ser-2844 phosphorylation, and calstabin1 dissociation ( Fig. 2 C and  D) . RyR1 functional properties were next evaluated in situ by measuring spontaneous SR Ca 2+ release events (i.e., Ca 2+ sparks). A significant increase in spontaneous Ca 2+ sparks frequency reflects increased RyR1-mediated SR Ca 2+ leak (27, 28) . After 6 h of MV, Ca 2+ sparks frequency was significantly increased in diaphragm fibers (Fig. 2 E and F) . Because MV induces oxidative stress in the diaphragm, and antioxidant treatment has been reported to prevent VIDD, a group of mice was continuously injected with Trolox, a permeable analog of vitamin E used as an antioxidant scavenger (8, 29, 30) . As reported in rats mechanically ventilated for 12 h (29), Trolox treatment in mice ventilated for 6 h prevented MV-induced diaphragm muscle weakness (Fig. 2B ). In addition, we observed that Trolox prevented MV-induced RyR1 biochemical remodeling ( Fig. 2 C and D) and the associated increase in Ca 2+ sparks frequency ( Fig. 2 E and F) . Interestingly, this RyR1 leak was due to MV only, because non-MV mice that were identically intubated, anesthetized, and immobilized for 6 h but maintained on a spontaneous breathing mode of respiration with 4 cmH 2 0 of continuous positive airway pressure (CPAP mode) did not demonstrate profound biochemical remodeling of diaphragm RyR1 (Fig. 3 A and B) . Besides, compared with MV samples, CPAP samples did not exhibit Calstabin1 depletion or RyR1 oxidation. They were, however, similarly phosphorylated. No functional alteration of the channel complex, as indicated by a normal Ca 2+ sparks frequency, was found in non-MV anesthetized mice (Fig. 3C ) and no muscle weakness could be observed (Fig.  3D ) as reported (20) .
Role of β-Adrenergic Signaling Pathway in VIDD. As emphasized above, critical illness and anesthesia may result in overstimulation of the adrenergic system. The expression pattern of β-adrenergic receptors was assessed by immunoblot in the diaphragm, which expresses predominantly β2 isoform and β1 in a lower proportion (Fig. 4A) . To address the role of β-adrenergic receptors in VIDD, mice were ventilated for 6 h in the presence of the nonselective β1-β2 receptors antagonist, propranolol, or with the selective β2 antagonist, ICI118551 (31) . Both beta blockers prevented the diaphragm weakness after 6 h of MV (Fig. 4B ). This effect was also accompanied by a lower remodeling of the RyR1 complex. Both propranolol and ICI118551 prevented calstabin1 depletion and S2844-RYR1, whereas RyR1 oxidation persisted (Fig. 4C ). To account for RyR1 phosphorylation, PKA activity was measured in diaphragm samples after 1, 2, 3, and 6 h of ventilation and compared with a maximal level of PKA stimulation obtained by injecting isoproterenol (3 mg/kg) 30 min before euthanizing the mice (Fig. 4D) . PKA activity increased after 1 h of MV to reach a plateau between 2 and 6 h that was not significantly different from the maximal level. When the animals were treated with ICI118551 (10 mg/kg) during the MV, the level of PKA activity was significantly reduced and was similar to the basal level obtained by treating control animals with ICI118551 (10 mg/kg).
RyR1 Is a Potential Therapeutic Target in VIDD. To directly target RyR1 and, thus, assess its role as a major pathophysiological target in VIDD, we treated mechanically ventilated mice with the rycal S107. Rycals are small orally available agents known to prevent depletion of calstabin1 from the RyR1 complex despite PKA phosphorylation, S-nitrosylation, and/or oxidation of RyR1 (27, 28) . Consistently, in mice, S107 prevented depletion of calstabin1 from RyR1 macromolecular complex without protecting against RyR1 oxidation and phosphorylation ( Fig. 5 A and B) . In addition, S107 prevented the loss of diaphragmatic force-generating capacity induced by MV (Fig. 5C ) and the increase in Ca 2+ spark frequency (Fig. 5D ). These data suggest that reducing RyR1-mediated SR Ca 2+ leak with S107 improves diaphragmatic muscle force production.
Evaluation of the Diaphragm After 12 H of MV. The hallmarks of VIDD are muscle atrophy and impaired contractility (2) . With 6 h of ventilation in mice, we are able to reproduce the loss of force production without any histological damage (20) . To further evaluate the role of RyR1 in VIDD, we evaluated diaphragm histological characteristics (i.e., fiber cross-sectional area, fiber type distribution) and force production following 12 h of MV. The mean cross-sectional area of all diaphragm fibers was significantly reduced compared with control animals (Fig. 6 A, B , and G). There was no significant alteration in the proportions of type I (slow twitch) and type II (fast twitch) ( Fig.  6 A and B and Fig. S1 ). A significant reduction in force production ( Fig. 6 H and I) accompanied this atrophy after 12 h of ventilation. Interestingly, treatments with the specific β2 antagonist ICI118-551 or S107 prevented both muscle fiber atrophy and loss of contractility. It is to note that none of the treatments had any effect on fiber size or force production in control condition. 
Discussion
In the present study, we report that patients under MV with VIDD, and mice subjected to MV, exhibit the biochemical signature of leaky RyR1 channels and evidence of intracellular Ca 2+ leak. We also demonstrate that this RyR1 dysfunction is driven by β-adrenergic signaling pathway in synergy with MV-induced oxidative stress, which has been extensively studied in VIDD (16) . Indeed, RyRs are highly sensitive to oxidative/nitrosative stress in skeletal muscle and in other tissues (25, (32) (33) (34) . This RyR1 remodeling occurs in other chronic or inherited disease including heart failure (25), diabetes (35) , and Duchenne muscular dystrophy (28, 33) . Postranslational modification of RyR1 also progresses with aging and partially accounts for age-dependent muscle weakness (27) .
In the mouse model, Ca 2+ sparks frequency is commonly used as an index of RyR1-mediated SR Ca 2+ leak and is complementary to the biochemical analyses and electrophysiological studies used to demonstrate the contribution of leaky RyR1 in skeletal muscle disorders (27, 28) . Therefore, as reported (24, 27, 28) , leaky RyR1 may account for a reduction in the Ca 2+ transient and force production, without the need to invoke other muscle pathology such as atrophy or injury. Indeed, in the VIDD mouse model, we showed a significant level of diaphragmatic muscle weakness without any histological modifications of the muscle after 6 h of MV, supporting the idea that muscle damage or atrophy may not by itself explain VIDD-induced muscle weakness (20) . These data suggest that impaired RyR1 function is an early event that precedes muscle damage. Furthermore, early RyR1-dependent defects in intracellular Ca 2+ homeostasis may be an important mediator of subsequent diaphragmatic muscle remodeling in VIDD as reported in Duchenne muscle dystrophy (28) .
To date, oxidative stress was the most documented pathophysiological mechanism accounting for VIDD. The antioxidant Trolox was reported to prevent VIDD in a rat model (8) . It was also reported that oxidative stress is required for MV-induced activation of calpain and caspase-3 in the diaphragm (30) , but the involvement of Ca 2+ homeostasis while hypothesized had never been demonstrated. Our data establish that Trolox also prevents RyR1 dysfunction induced by MV in mice. Thus, RyR1 oxidation appears as a prerequisite for RyR1 dysfunction in VIDD. This aspect was further investigated by using the CPAP mode of ventilation to keep the airways continuously open, even in a context of sedation, allowing spontaneous breathing. Respiratory muscles remain active and are not unloaded or passively stretched as they are in MV, a situation that may explain why they are protected under CPAP from VIDD development (26) . Interestingly, our CPAP data indicate that maintaining diaphragm activity prevents RyR1 oxidation and VIDD development, even in presence of RyR1 PKA phosphorylation. The origin of ROS production remains unclear during VIDD although recent studies rather consider that mitochondria represent the main source of ROS (10) . Recent studies have identified a new transduction pathway in which the microtubule network acts as a mechano-transduction element that activates NADPHoxidase 2 (Nox2)-dependent ROS generation during mechanical stretch (36) . Such pathway could therefore contribute to this primary ROS production. This hypothesis is supported by the beneficial effect of apocynin on the diaphragm during prolonged MV (37) . However, we have demonstrated that RyR1 dysfunction and SR-mediated Ca 2+ leak is also a cause of mitochondrial ROS production (27) . We also hypothesized that the phosphorylation status of RyR1 secondary to PKA activation resulted from increased sympathetic tone during anesthesia. Indeed, anesthetic agents such as pentobarbital are known to act as negative inotropic agents and to interfere with the function of the baroreceptor reflexes (38, 39) . These systemic effects may therefore contribute to an elevation of endogenous circulating catecholamine during anesthesia although this elevation is so far not clearly documented in ICU patients. Nevertheless, the adrenergic system is known to be overstimulated in patients with critical illness (17, 18) . Furthermore, exogenous catecholamines are used to treat cardiovascular instability in critically ill patients (40) , amplifying the endogenous catecholamine burst release. This adrenergic burst would support the hypothesis that such stress would be prolonged, becoming maladaptive and exerting adverse effects. The increased level of RyR1 PKA phosphorylation in our human diaphragm samples is in line with this observation. Such β-adrenergic overdrive is consistent with the beneficial effects of β-adrenergic receptor antagonists that we observed (i.e., prevention of muscle weakness and atrophy). Interestingly, both beta blockers prevented RyR1 phosphorylation and depletion of calstabin1 without decreasing RyR1 oxidation. These results combined with those obtained in the CPAP model demonstrate that both RyR1 oxidation and phosphorylation are required to account for the RyR1 dysfunction in VIDD. Given that RyR1 is PKA phosphorylated and oxidized in VIDD, the specific use of β2-adrenergic antagonists could be a potential future target to potentially prevent VIDD. This observation is however in contrast with a recent study showing that low-dose theophylline treatment can significantly improve diaphragmatic movements in patients with VIDD without any significant improvement for weaning time and total ventilation time (41) . Theophylline is a methylxanthine that inhibits phosphodiesterases and increase cAMP level as β-adrenergic receptor. This effect could explain in part the positive inotropism that accounts for better diaphragm motion. Because VIDD is known to be one of the major contributors to weaning difficulties, we cannot conclude that theophylline prevents VIDD. Nevertheless, the beneficial effects of beta blockers may not be specifically due to improved RyR1 function and may also have adverse effects. To address this potential lack of specificity, we demonstrate that "fixing" specifically this RyR1-mediated leak with S107 can prevent muscle weakness induced by 6 and 12 h of ventilation in mice. Fixing SR Ca 2+ leak prevents also changes in a fiber crosssectional area after 12 h of MV. SR Ca 2+ leak may contribute to the activation of Ca 2+ -dependent proteolytic enzymes (caspases and calpains) and Ca 2+ -dependent regulation of gene expression involved in deleterious muscle injury and wasting processes (42). As mentioned above, RyR is a target in many pathophysiological conditions (21) . This finding can be explained in part by the ubiquitous function of Ca 2+ in cellular processes and by the enormous size of the RyR macromolecular complex and, in particular, its cytoplasmic domain that serves as a redox sensor (43) . Therefore, the fact that RyR1 is a potential mediator of muscle weakness in VIDD suggests that patients with comorbidities and/or confounding factors that may affect RyR1 function such as heart failure or aging may have a greater vulnerability to VIDD.
Our mouse model of VIDD has some limitations. First, we used skinned fibers to evaluate Ca 2+ sparks. This procedure keeps the RyR1 channel in its natural environment but removes the functional interaction with the voltage sensor (L-type Ca 2+ channels, CaV1.1). Whether a defective RyR1 could negatively regulate other structures involved in intact fibers during excitation-contraction coupling such as CaV1.1 is an interesting question that is beyond the scope of the present study. Second, early events involved in VIDD, with a 6-to 12-h period of controlled mode MV to induce diaphragm weakness in mice, may not be directly applicable to other animal models (20) or to patients on long-term ventilation in the ICU. However, we have recently demonstrated the link between duration of controlled MV and diaphragmatic dysfunction in ICU patients and emphasized the rapid onset of VIDD during MV (2) . It is likely that many of the same mechanisms of VIDD are involved across species, although the time course appears to be more protracted in humans. In addition, assisted modes of ventilation, which permit a certain level of diaphragm activity, are likely to mitigate the development of VIDD (44) . This observation may explain why CPAP on the basis of RyR1 remodeling does not decrease diaphragm contractile activity (45) and does not induce VIDD. Nevertheless, it remains the case that many patients with acute respiratory distress syndrome or acute brain injury are in fact ventilated in controlled mode, either with or without associated neuromuscular blockade. In this regard, 3 d of controlled mode MV is not uncommon in the ICU and furthermore, additional comorbid factors including sepsis, metabolic disorders, and drugs may even further shorten the latency to VIDD onset (46) . VIDD is a major determinant of the ability to successfully wean patients from the ventilator (16, 46) . Moreover, we recently reported that diaphragmatic weakness correlates with disease severity and prognosis, suggesting that it is a form of organ failure in ventilated patients (47) . Indeed, diaphragmatic weakness normally appears in human after 3-4 d of MV (2) . Therefore, any therapeutic strategy, which may prevent this negative evolution, should be considered with a level of great interest.
In conclusion, this study demonstrates the pathophysiological role of RyR1 in VIDD and strongly supports the hypothesis that preventing the RyR1-mediated SR Ca 2+ leak induced by MV may provide a new therapeutic approach for preventing diaphragm muscle dysfunction in patients who require artificial respiratory support.
Materials and Methods
Human Model of VIDD. The study in humans was conducted in accordance with the World Medical Association Guidelines for research in humans and approved by the Institutional Ethics Board of the Montpellier University Hospital (protocol NCT00786526). All subjects or their surrogates provided written informed consent to participate in the study.
Murine Model of VIDD. The experimental design has been described in a recent study (20) and has been reviewed and approved by the Animal Care and Use Committee Languedoc-Roussillon and recorded under reference no. CEEA-LR-12078.
Statistics. Data are presented as mean values ± SEM. For biochemical studies and contractile properties, the differences between group means were analyzed by the ANOVA test. Differences in RyR1 open probability were compared by unpaired t test with Welch's correction. Statistical significance was defined as *P < 0.05. Detailed methods are presented in SI Materials and Methods.
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Human Model of VIDD. The study in humans was conducted in accordance with the World Medical Association Guidelines for research in humans, and approved by the Institutional Ethics Board of the Montpellier University Hospital (protocol NCT00786526). All subjects or their surrogates provided written informed consent to participate in the study.
The study design beneficiated from diaphragm samples obtained during a previous study (2) . This first study included two groups of subjects: (i) patients with brain death destined for organ donation, who had received MV for at least 24 h before organ harvest (MV, n = 9); and (ii) patients anesthetized and supported with MV for 2-3 h during thoracic surgery for localized lung nodules (Control, n = 10). All subjects were required to have undergone MV via an endotracheal tube in fully controlled mode, i.e., without significant spontaneous breathing efforts during the MV period, with a tidal volume in the average range of 7-8.5 mL/kg of the body weight, respiratory rate from 12 to 24 min, and positive end-expiratory pressure (PEEP) level at 2-5 cmH 2 O (2). Diaphragm biopsies (∼1 cm 3 ) were obtained from the zone of apposition of the costal diaphragm at the midaxillary line. In the MV group, the biopsies were obtained before circulatory arrest and removal of other organs. Each biopsy was partitioned and quick frozen in liquid nitrogen and kept at −80°C. Secondarily, tissue blocks were prepared as required for RyR biochemical and RyR1 functional analysis with single-channel recordings in lipid bilayers as detailed in the last methodology paragraph.
Murine Model of VIDD. The experimental design has been described in a recent study (20) and has been reviewed and approved by the Animal Care and Use Committee Languedoc-Roussillon and recorded under reference CEEA-LR-12078.
In brief, 35 adult male (10-12 wk old, 25-30 g) C57/BL6 mice were separated into three groups.
Mice in the first group were intubated with a 22-gauge angiocatheter and mechanically ventilated for 6 or 12 consecutive hours using a volume-driven small-animal ventilator (Minivent; Harvard Apparatus). Tidal volume was established at 10 μL/mg body weight with a respiratory rate of 150 breaths per min, a PEEP level from 2 to 4 cmH 2 O, and a fraction of inspired oxygen of 0.21. Nonspontaneous ventilation was defined as a lack of diaphragm contractile activity attested by repetitive stereotypical deflections observed in the airway pressure curve. The mice mechanically ventilated from this first group were subdivided into 5 subgroups. The first subgroup contained only mice ventilated for 6 (MV) or 12 h (MV12h). The second subgroup was ventilated for 6 h (MV-Trolox) and received a priming dose of Trolox (0.125 mL of saline containing 5 g/L Trolox, corresponding to ∼20 mg/kg) i.v. (IV) infused over a 5-min period, 20 min before the start of MV (MV-Trolox). During MV, a constant IV infusion of Trolox at a rate of 4 mg· −1 kg·h −1 (∼0.025 mL/h) was maintained. The third subgroup of mice ventilated for 6 h (MV-S107) or 12 h (MV12h+S107) was treated for 7 d before the start of MV, with S107 in their drinking water (final concentration, 0.25 mg·ml ) as reported (34, 48, 49) and received the same volume of IV saline 20 min before starting and during MV. The mice drank approximately 3 mL/d (water consumption was variable, and we recorded water bottle and body weight to monitor consumption) for a daily dose of ∼0.75 mg (∼37.5 mg·kg −1 ·d −1 ). The fourth subgroup of mice ventilated for 6 h or 12 h (MV+propanolol, MV12h+propranolol) was treated 30 min before the start of MV with propranolol (3 mg/kg) and one injection every hour. The fifth subgroup of mice ventilated for 6 or 12 h (MV+ICI118551, MV12h+ICI118551) was treated 30 min before the start of MV with ICI118551 (10 mg/kg), respectively, and one injection every hour.
The second group of mice was intubated and treated in an identical manner to the mechanically ventilated mice but breathed spontaneously with a CPAP of 3-4 cmH 2 O for 6 h (CPAP). For this purpose, the angio-catheter was connected to an air compressor to deliver a high inspiratory flow rate (1 L/min room air) while the expiratory port was placed under a water seal to obtain PEEP.
All groups mechanically ventilated or under CPAP (first and second group) received the same general care. Mice were anesthetized with i.p. injection of pentobarbital sodium (50 mg/kg body weight) and orally intubated with a 22-gauge angiocatheter. General care applied during the experiments also included continuous reheating by using a homeothermic blanket (Homeothermic Blanket Control unit; Harvard Apparatus, set at 35°C), and hourly i.p. injection of 0.05 mL of Ringers Lactate solution to maintain hemodynamic stability and compensate insensible losses, as well as bladder expression, eye lubrication, and passive limb movements.
The third group was considered a control group and was divided into three subgroups. The first subgroup was only treated by serum saline (Control, n = 8), the second subgroup (Control+ ICI118551) was treated with ICI118551 according to the same protocol previously described for the mechanically ventilated mice. The third subgroup (Control+S107) was treated with S107 according to the same protocol previously described for the mechanically ventilated mice. All control mice received the same amount of volume compared with the first group.
Contractile Function in Murine Muscle Samples. At the end of the protocol of MV, the entire diaphragm was surgically excised and mice were euthanized, by exsanguination. Isometric contractile properties were assessed as described in detail (20) . The excised diaphragm strip was mounted into jacketed tissue bath chambers filled with equilibrated and oxygenated Krebs solution. The muscles were supramaximally stimulated by using square wave pulses (Model S48; Grass Instruments). The force-frequency relationship was determined by sequentially stimulating the muscles for 600 ms at 10, 20, 30, 50, 60, 80, 100, and 120 Hz with 1 min between each stimulation train (22) . After measurement of contractile properties, muscles were measured at Lo (the length at which the muscle produced maximal isometric tension), dried, and weighted. For comparative purposes, diaphragmatic force production was normalized for total muscle strip crosssectional area and expressed in N·cm −2 . The total muscle strip cross-sectional area was determined by dividing muscle weight by its length and tissue density (1.056 g/cm 3 ). The rest of the diaphragm was partitioned: One part was quick frozen in liquid nitrogen and secondarily used for biochemical analysis, and the other part was used freshly for Ca 2+ spark measurements.
RyR1 Biochemical Analysis. Muscle biopsies were homogenized in 150 μL of buffer containing 5% (wt/vol) SDS, 10% (vol/vol) glycerol, 10 mM EDTA, and 50 mM Tris·HCl buffer (pH 8.0). After centrifugation (8,000 × g) at 4°C, supernatant protein concentrations were measured in duplicate by using the bicinchoninic acid (BCA) protein assay, equilibrated at the same concentration by dilution with loading buffer and aliquoted at BMI, body mass index; MV, mechanical ventilation. *P < 0.05; **P < 0.01.
